Abstract  Complex microbial communities are known to exert significant influence over coral reef ecosystems. The TalangSatang National Park is situated off the coast of Sematan and is one of the most diverse ecosystems found off-Sarawak. Interestingly, the Talang-talang reef thrives at above-average temperatures of 28-30°C throughout the year. Through isolation and identification (16S rRNA) of native microbes from the coral, the surface mucus layer (SML), as well as the surrounding sediment and waters, we were able to determine the species composition and abundance of the culturable bacteria in the coral reef ecosystem. Isolates found attached to the coral are related mostly to Vibrio spp., presumably attached to the mucus from the water column and surrounding sediment. Pathogenic Vibrio spp. and Bacillus spp. were dominant amongst the isolates from the water column and sediment, while known coral pathogens responsible for coral bleaching, Vibrio coralliilyticus and Vibrio shiloi, were isolated from the coral SML and sediment samples respectively. Coral SML isolates were found to be closely related to known nitrogen fixers and antibiotic producers with tolerance towards elevated temperatures and heavy metal contamination, offering a possible explanation why the local corals are able to thrive in higher than usual temperatures. This specialized microbiota may be important for protecting the corals from pathogens by occupying entry niches and/or through the production of secondary metabolites such as antibiotics. The communities from the coral SML were tested against each other at 28, 30 and 32°C, and were also assessed for the presence of type I modular polyketides synthase (PKS) and non-ribosomal peptide synthetase (NRPS) genes which are both involved in the production of antibiotic compounds. The bacterial community from the SML exhibited antimicrobial properties under normal temperatures while pathogenic strains appeared toxic at elevated temperatures and our results highlight the role of the coral SML bacterial community in the coral's defence.
Introduction
Coral reefs are a rare feature in Sarawak due to its shallow sea shelf extending a long way into the ocean, and are limited to the areas off the shores of Bintulu, Miri and offshore islands including the Talang-Satang National Park in Kuching. The Talang-Satang National Park is situated off the coast of Sematan and is especially important as it is one of the most diverse ecosystems found off Sarawak (Pilcher and Cabanban 2000) .
Worldwide coral decline has been attributed to the increase of sea surface temperatures, coastal degradation, pollution, diseases, ecosystem imbalance caused by anthropogenic influences, and the synergistic effect of multiple stressors (Harvell et al. 2002; Rosenberg and Ben-Haim 2002; Sutherland et al. 2004 ). These make them extremely susceptible to outbreaks of coral diseases, whereby the immunity of corals decreases (Baker et al. 2008; Goreau and Hayes 2008) . The surface of living corals is covered by a mucoid material. This mucopolysacchride layer provides a matrix for bacterial colonization, allowing establishment of a 'normal' bacterial community (Ducklow and Mitchell 1979; Ritchie et al. 1994 ).
This community can respond to changes in the environment such as a rise in temperature (Ritchie and Smith 2004) . The normal bacterial flora within the coral surface mucus layer (SML) can produce antimicrobial compounds that help the coral avoid infection by pathogens (Jensen and Fenical 1994; Sutherland et al. 2004 ). On average, 20 -30% of bacterial isolates originating from coral SML possess antibacterial properties (Ritchie 2006 ) that may assist the coral holobiont as a first line of defence against pathogens (Shnit-Orland and Kushmaro 2009 ). It has been suggested that these antimicrobial compounds are temperature sensitive (Ritchie 2006) with antibacterial activity found to be optimal at 26°C and slightly decreased at 30°C, with partial inactivation occurring at 60°C and complete loss of activity occurring at 80°C (Shnit-Orland and Kushmaro 2009) .
Polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) are multiple enzymes that catalyse the oligomerisation of small building blocks into complex structure such as active compounds (Donadio et al. 2007 ). NRPS usually works in conjunction with PKS to produce hybrid compounds which are significant in pharmaceutical products (Ansari et al. 2004 ). Both biosynthetic systems are responsible for synthesizing numerous biologically vital active metabolites from microorganisms (Ayuso-Sacido and Genilloud 2005) and the existence of aforementioned genes can indicate the potential of a microbe to produce antibiotics.
The aim of this study was to identify culturable bacterial communities from the coral reef environment at Talangtalang reef, and to further our understanding on the potential roles of coral SML isolates in coral defence at increasing temperatures.
Materials and Methods
Study site and sample collection Field sampling took place at Talang-talang reef in July 2011. Samples for this study were collected during the sampling. Fig. 1 shows an overview of the sampling area. Recorded temperatures at Talang-talang reef indicates that it is exposed to temperatures between 28 to 31°C throughout the year (Ng et al. personal communication) , however coral assemblages are healthy and diverse (Kaie et al. personal communication) .
Sea water, sediment and coral mucus samples were streaked on marine agar at half strength (Difco, 2.76% solution, dissolved in purified water) and incubated under aerobic conditions at 30°C. Bacterial colonies were isolated based on their morphological differences.
The coral mucus samples were isolated via two different methods. Mucus-associated bacteria were isolated using ultraviolet (UV) light exposure (Chang et al. 1985) for 15 min as a form of sterilisation for the first layer of mucus to remove any possible surface microbes that may attach to it during the transfer. This first layer acts as a selective medium for growth. A second layer of coral mucus was streaked on Fig. 1 . Overview of the Talang-talang Islands just off the shores of Kuching, Sarawak. Enlarged map indicates sampling area top of the UV-exposed mucus, allowing only mucus-associated bacteria to grow on the mucus-regulated surface (Ritchie 2006) . Mucus-attached bacteria were isolated without the UV exposure, allowing any bacteria that happened to be attached to the mucus at the time of collection to be grown. This approach is based on the hypothesis that true coralassociated bacteria will be impervious to the antibiotic properties of the mucus, while many attached bacteria may be sensitive to the bactericidal properties of the mucus.
Colonies were picked and purified by repeated streaking on plates. Pure cultures were preserved as a glycerol suspension (20%, w/v) at -70°C.
DNA extraction and purification of cultured bacteria
The isolates were grown overnight in half strength marine broth (Difco, 1.87% solution, dissolved in purified water) at 30°C with shaking at 180 rpm. The cells were pelleted by centrifugation at 13,000 rpm for 5 min before resuspension in 50 µl of TE buffer (10 mM Tris-HC pH 8.0, 1 mM EDTA). Three cycles of freezing in a -80°C freezer for 3 min and thawing in an 85°C water bath for 3 min were conducted to release DNA from the microbial cells.
PCR amplification of bacterial 16S rRNA genes
The bacterial DNA were amplified by polymerase chain reaction (PCR) and PCR products were purified using PureLink® PCR Purification Kit following the manufacturer's protocol (Invitrogen Life Technologies). Amplification of bacterial 16S rRNA genes was performed with broadspecificity primers 8F (Eden et al. 1991) and 519R (Lane et al. 1985) . Amplification was performed using RedTaqMix (Sigma Aldrich) following instructions provided by the manufacturer with the following cycling conditions: initial denaturation at 96°C for 4 min, 40 cycles of 96°C for 1 min, 55°C for 1 min, extension at 72°C for 2 min, and then a final elongation at 72°C for 4 min. Samples of extracted DNA were analysed on a 1% agarose gel containing 1 µg of ethidium bromide per ml.
Sequencing and phylogenetic analysis
Sequences with both ends trimmed to remove unreliable data were analysed against the NCBI (USA) database (Zhang et al. 2000) using BLAST program packages and matched to known 16S rRNA gene sequences. Expected values (E) for each sequence are between 0.00 and 7e-165. Sequences were aligned and phylogenetic trees created with MEGA 6 (Tamura et al. 2013) 
PCR amplification of bacterial polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) genes
The bacterial DNA were amplified by polymerase chain reaction (PCR) and PCR products purified using PureLink® PCR Purification Kit following the manufacturer's protocol (Invitrogen Life Technologies). Amplification of PKS genes was performed with PKS degenerated primers KSDPQQF and KSHGTGR (Piel 2002) while amplification of NRPS genes was performed with NRPS degenerated primers A2gamF and A3gamR (Marahiel et al. 1997) . Amplification was performed using RedTaqMix (Sigma Aldrich) with the following cycling conditions for PKS: initial denaturation at 94°C for 2 min, followed by 45 cycles of 94°C for 1 min, annealing at 55°C for 1 min and extension at 72°C for 2 min, and then a final elongation at 72°C for 4 min. The following are the cycling conditions for NRPS: initial denaturation at 94°C for 2 min, followed by 40 cycles of denaturation at 95°C for 1 min, annealing at 70°C for 1 min and extension at 72°C for 2 min and then a final elongation at 72°C for 4 min.
Extraction of bioactive compounds and well diffusion assay
The coral mucus bacterial isolates were grown in 20 ml of half strength marine broth (Difco, 1.87% solution, dissolved in purified water) at 28, 30 and 32°C with shaking at 180 rpm for three days. 20 ml of ethyl acetate was added into the bacterial broth and shaken on a rotary shaker overnight. The mixtures were poured into separating funnels and the broth layer discarded while the layer containing the ethyl acetate phase was collected in pre-weighed beakers. Another 20 ml of ethyl acetate was added into the funnel and the extraction was repeated to rinse out any residue extract. The ethyl acetate extract was then dried in the fume hood to give a solid oily residue. The dried extract was weighed and diluted to 500 ppm using dimethyl sulphoxide (DMSO) (Matu et al. 2012) . Coral mucus bacterial isolates (test organisms) were grown overnight in half strength marine broth at 28, 30 and 32°C. Wells with a diameter of 5 mm were punched into half strength marine agar and test organisms swabbed onto the agar plates. 50 μl of extract from each bacterial culture was loaded into each well. Chloramphenicol and DMSO -adjusted to concentrations of 500 ppm -were used as positive and negative controls. Chloramphenicol is a broad-spectrum antibiotic and is effective against a wide variety of Gram-positive and Gramnegative bacteria (Neu and Gootz 1996) . The agar plates were incubated at 28, 30 and 32°C for three days and zones of inhibitions recorded. All assays were prepared in triplicates.
Results

Diversity of culturable bacterial communities
The present study provides to our knowledge the first analysis of culturable bacterial communities from the reefs of Talang-talang. The bacterial communities from coral mucus, reef sediment and water column were found to be diverse with representatives from several bacterial groups. The total bacterial assemblage had representatives within the Actinobacteria, Proteobacteria (Alpha-and Gammaproteobacteria), as well as Firmicutes groups (see Fig. 2 for an overview of the major groups). The total number of bacterial isolates obtained and assemblages from the three reef environments are discussed in the following sections.
A total of 93 isolates were cultured from water column, reef sediment and coral mucus at Talang-talang reef. Overall, 3% of the cultured bacteria were clustered within the Actinobacteria, 76% within the Gammaproteobacteria, 6% within the Alphaproteobacteria and 13% within the Firmicutes. Within the water column, 82% of the isolates were Gammaproteobacteria, 9% Actinobacteria and 9% Firmicutes (see Fig. 2a ). Isolates from reef sediment were less diverse with cultures from only two bacterial groups: the Gammaproteobacteria (86%) and Firmicutes (14%, see Fig. 2b ). From the coral mucus, 39 isolates were obtained with the majority clustered within the Gammaproteobacteria (64%), followed by Alphaproteobacteria (13%), Firmicutes (13%) and Actinobacteria (8%, see Fig.  2c ).
The water column has the least number of bacterial isolates compared to the other two environments (see Fig. 3 ). Bacteria cultured from water column are dominantly Vibrio harveyi related strains, followed by isolates related to Halomonas sp. 612M-23 (GenBank accession number GU371676; 99% similarity; see Fig. 3 ). Conversely, the bacterial community isolated from the reef sediment is the largest in this study (see Fig. 4 ). Similar to the community in the water column, a majority of bacteria isolated from the sediment are linked to Vibrio spp., whereby the predominant bacteria are related to Vibrio communis, Vibrio harveyi and Vibrio parahaemolyticus. Also present in the sediment cultures as the second largest group are members related to the Bacillus genera (see Fig. 4 ). Bacteria isolated from the coral SML were found to be the most diverse (see Fig. 5 ). Firmicutes isolated from the coral mucus are dominated by members of the Bacillus genera. With the exception of BWC 04-1 which was isolated from the water column, almost all isolates related to the Alphaproteobacteria were found in coral mucus samples. A couple of the cultures are related to uncultured sequences (BCM 33 and 35-2; see Fig. 6 ) suggesting possible novel species. Fig. 6 shows that there is a significant difference in percentage of Vibrio when comparing mucus-attached isolates (isolates BCM 31 to 59; totalling 91% of mucus-attached isolates) to mucus-associated isolates (isolates BCM 22-1 to 29; totalling 29% of mucus-associated isolates). The mucusassociated isolates are related to representatives of bacteria documented in earlier studies, including a subset of Vibrio spp. consistently found in association with healthy corals (Ritchie and Smith, 1995a , 1995b . This illustrates the more diverse nature of SML communities as well as the ability of Vibrio to attach themselves to coral mucus.
Bacterial strains with PKS and NRPS genes
Not all isolates from the coral mucus possessed PKS and NRPS gene fragments (see Fig. 7 ), with NRPS genes (51%) more common than PKS (8%). Some isolates have the capability to form hybrids (18%, see Fig. 7 ) and may play a more important role in coral defence.
The Gammaproteobacteria, the largest faction within the coral mucus community, is the only group with the potential ability to form PKS-NRPS hybrids (see Fig. 8 ). The Alphaproteobacteria and Actinobacteria can only produce PKS compounds while Firmicutes appear to be more dominant in NRPS.
To estimate the ecological role of positive strains, inhibitory tests were carried out against other coral associated bacteria. The mucus isolates were separated into two groups: mucus attached (11 isolates) and mucus associated (28 isolates). Both groups were grown at increasing temperatures and tested for their inhibitory activity against all isolates (from the other group as well as the same group). The total inhibitions of mucus-attached bacteria against all 39 coral mucus isolates increased with temperature. A total of 44 inhibitions occurred at 28°C, 67 inhibitions at 30°C and 69 inhibitions at 32°C (see Table 1 ). For mucus-associated bacteria, inhibition activity is highest at 30°C (163 inhibitions). This is followed by 141 inhibitions at 28°C and 107 inhibitions at 32°C. A few isolates did not show any inhibition at temperatures of 28°C and/or 32°C even though there was activity at 30°C (see Table 1 ). The inhibitory activities of mucus-associated bacteria were observed to become less effective as temperatures increased (see Table 1 ). Inhibition zones at 28°C were in between 0.6 to 0.9 cm, whereas activities at 30°C varied more with the largest zone of 1.0 cm (isolate BCM 35-2) and the smallest of 0.4 cm (isolates BCM 39, 44 and 58). At 32°C, the average zone measurements dropped (0.3 to 0.7 cm), with only a couple of isolates (BCM 32 and 50) exhibiting larger zones at 0.9 cm (see Table 1 ).
Mucus-associated bacteria display highest activity at 28°C while the mucus-attached bacteria are most active at 30°C, highlighting their potential threat to the mucusassociated community. This is supported by the fact that the mucus-attached bacteria seem to have more potential to produce bioactive compounds as 27% of them have NRPS genes while 64% of them have both PKS and NRPS genes. In contrast, the mucus-associated isolates only have PKS (11%) or NRPS genes (61%) and none with both, making them unable to form hybrids. Isolate BCM 35-2, which showed the best inhibition activity at 30°C, was found to have NRPS genes. This indicates the potential of the mucusattached community to overcome resident mucus bacteria at elevated temperatures when they turn on their virulence genes. Interestingly, isolates BCM 32 and 50 from the mucusassociated community which displayed the largest inhibition zones at 32°C did not have either PKS or NRPS genes but were the most successful in the temperature group in defending themselves. This shows that although PKS and NRPS genes are effective in producing active compounds for antibiotics, there may be other natural products in the bioactive compounds of mucus-associated bacteria that may play a bigger role in coral defence.
Discussion
Diversity of bacteria
It has been established that coral mucus presents a specific environment which contains vast microbial communities (Sharon and Rosenberg 2008) . Similar coral-associated bacteria can be present in different species of corals that are also geographically distinct (Shnit-Orland and Kushmaro 2009). The coral mucus layer is in constant association with the surrounding water column, and bacteria may shift from the water column to the mucus and vice versa (Kooperman et al. 2007) . Therefore, it is not surprising that some bacterial isolates found in the coral mucus can also be found in the water column (for example Vibrio harveyi; see Figs. 3 and 5). Vibrio harveyi are ubiquitous throughout the water column (Hashem and El-Barbary 2013) and are known as both primary and opportunistic pathogens of marine animals, particularly those involved in aquaculture (Austin and Zhang 2006) . Similarly, Halomonas are commonly found in aquatic environments with high saline content (Maruyama et al. 2000) .
The isolates from the coral mucus community are mostly related to antibiotic-producing strains, indicating their potential (Magarvey et al. 2004; Fiedler et al. 2005; Jensen et al. 2005 ) and may influence the susceptibility of corals to pathogens (Rohwer et al. 2002) .
Isolates related to this phylum are only found within the coral mucus (see Fig. 5 ). While the number of Actinobacteria obtained in this study may not be high, other studies have found that they are generally found in corals (Nithyanand and Pandian 2009), and bacterial clone libraries of the coral species included a significant proportion of Actinobacteria (Lampert et al. 2008) . The distribution of Actinomycetes in the sea remains largely undocumented with only a few having been found to be culturable (Webster et al. 2001) . Only recently were novel marine Actinomycetes discovered in sponges (Webster et al. 2001) , ocean sediment (Mincer et al. 2002 , and cultured from corals (Lampert et al. 2008; Nithyanand and Pandian 2009) .
Bacillus spp. present in the mucus of corals have been reported to exhibit antibacterial activity against pathogens (Shnit-Orland and Kushmaro 2009) and those of marine origin have been reported to produce unusual metabolites (Jensen and Fenical 1994) including peptide antibiotics such as bacitracin, gramicidin and polymyxin B (Wiese et al. 2009 ).
Isolates related to Roseobacter spp. and Sphingobium amiense strain D3AT58 (GenBank accession number JF459959; 97% similarity) were also obtained. Roseobacter spp. are widely associated with corals (Rohwer et al. 2002; Bourne and Munn 2005; Kooperman et al. 2007; Bourne et al. 2008) and are potentially central to the health of corals. Antibacterial activities of Roseobacter have been observed against a wide range of marine pathogens (Hjelm et al. 2004 ). Coral-associated bacteria from this genus have also been previously implicated in the degradation of DMSP (Raina et al. 2009 (Raina et al. , 2010 . Thiotropocin, an antibiotic produced by Roseobacter, is a sulphur compound that might be derived from DMSP metabolism (Wagner-Döbler et al. 2004 ). These bacteria are suspected to be involved in a symbiotic relationship with coral-cultured zooxanthellae (Raina et al. 2009 ) which produce high concentrations of DMSP (Hill et al. 1995; Broadbent et al. 2002; Van Alstyne et al. 2006) . It is likely that the occurrence of Roseobacter spp. within the coral mucus may be due to the availability of DMSP produced by the zooxanthellae.
Some Vibrio establish mutualistic partnerships with corals by providing nutrients and secondary metabolites to their hosts (Ritchie 2006) . Vibrio associated with the coral mucus are known to produce antibacterial compounds against several pathogens, thereby protecting the coral host against pathogens (Shnit-Orland and Kushmaro 2009 ). An explanation for the increased incidence of diseases in corals is its stressinduced susceptibility to opportunistic microbes trapped within the coral SML. It is acknowledged that stress conditions, particularly temperature, can cause certain bacteria to become virulent, by 'turning on' virulence genes (Colwell 1996; Patz et al. 1996) . Vibrio spp. are known to form microbial consortiums to cause coral diseases (Cervino et al. 2008; Arotsker et al. 2009 ). The mucus-attached bacteria do not undergo mucus regulated selection and are therefore potentially invasive under the right conditions (Ritchie 2006) . Three isolates related to Vibrio coralliilyticus strain LMG 21349 (GenBank accession number AJ440004) which is known to cause rapid tissue lysis in the stony coral Pocillopora damicornis (BenHaim et al. 2003a, b; Rosenberg and Falkovitz 2004) were acquired from UV-exposed coral mucus, confirming that they are mucus-associated. An isolate related to a known coral pathogen, Vibrio shiloi (GenBank accession number AF007115; 99% similarity), was successfully cultured from sediment samples, indicating that the reef environment harbours potentially pathogenic bacteria which can cause diseases under the right conditions. Vibrio shiloi is the causative agent of bacterial bleaching in the coral Occulina patagonica (Kushmaro et al. 2001 ) by producing a prolinerich peptide that inhibits photosynthesis and a protease that lyses zooxanthellae (Ben-Haim et al. 1999; Banin et al. 2000; Rosenberg and Falkovitz 2004) . This isolate was included as a test organism in the well diffusion assay.
Role of mucus-associated bacteria in coral defence
Inhibitory activities of the mucus attached bacteria appear to be most effective at 30°C (see Table 1 ). This finding is important if one considers that the average temperature in the study area is 30°C and the attached bacteria appear to be most active, potentially resulting in permanent stress for the corals, especially if they were coral pathogens. The largest inhibitory zone at 30°C was produced by isolate BCM 22-1 (1.0 cm) and BCM 26-1 at 32°C. The mucus-attached isolates BCM 22-1 and 26-1 were both closely matched with Vibrio parahaemolyticus strain DHC22 (GenBank accession number JQ904733; 99-100% similarities; Fig. 5 and Table 3 , Appendix). Another isolate displaying high inhibition at 28 and 30°C was BCM 25 which was closely matched with Vibrio harveyi isolate VHJR19 (GenBank accession number DQ995251; 99% similarity; Fig. 5 and Table 3 , Appendix). Strains of Vibrio parahaemolyticus and Vibrio harveyi have previously been isolated through a similar method (Ritchie 2006) and were reported to have PKS and NRPS genes and exhibit inhibition activity against coral-associated bacteria (Radjasa and Sabdono 2003) . In our study, isolate BCM 22-1 has both PKS and NRPS genes while BCM 26-1 has NRPS genes. Other strains of Vibrio parahaemolyticus have also been observed to be capable of producing a temperature regulated enzyme, superoxide dismutase (SOD), that detoxifies oxygen radicals and which has been put forward as a key virulence factor in the infection of corals (Banin et al. 2003) . Vibrio harveyi strains have also been reported to be antibioticresistant (Sussman et al. 2009; Vizcaino et al. 2010 ) and implicated as part of bacterial consortiums that caused yellow band and black band diseases (Barneah et al. 2007; Cervino et al. 2008) , and white plague (Sunagawa et al. 2009 ) in corals. Our results support these findings, highlighting the potential of the mucus-attached bacterial community to act as as opportunistic coral pathogens at increased temperatures.
Mucus-associated isolate BCM 35-2 is closely matched with an uncultured Alphaproteobacterium clone FF-20 (GenBank accession number AY682051; 99% similarity; Fig. 5 ), highlighting the potential of coral mucus as a source of novel bacteria. The isolate does possess an NRPS gene, indicating that it might in fact be involved in the coral defence. BCM 32 is closely matched with Bacillus arsenicus strain HLSB44 (GenBank accession number FJ999563; 95% similarity; Fig. 5 ) and BCM 50 is closely matched with Brachybacterium paraconglomeratum (GenBank accession number AB362255; 100% similarity; Fig. 5 ). Bacillus arsenicus is an arsenic-resistant bacterium (Shivaji et al. 2005 ) which could possibly aid the coral against heavy metal pollution. Brachybacterium paraconglomeratum have previously been found in coral tissue (Nithyanand and Pandian 2009) and mucus (Wilson et al. 2012) . Our results indicate that the mucus-associated bacterial community not just protects corals from diseases, but may have a role in their defence against heavy metal contamination at optimum temperatures.
Two of our Vibrio coralliilyticus-related isolates (BCM 38 and 39) have PKS genes while a third related isolate (BCM 45) has NRPS genes. These isolates were also isolated from mucus regulated media, indicating that these bacteria are part of the mucus-associated environment. Interestingly, these isolates also displayed a slight decrease in inhibition activity at 30 and 32°C (see Table 1 ). It is possible that these isolates are not virulent strains and are part of the coral defence system at optimum temperatures.
A bacterial strain related to Vibrio shiloi was isolated from reef sediment (BSD 16-11, see Fig. 4 ) and was used as a test organism along with the 39 coral mucus isolates. However, no inhibition zones were observed at the three temperatures we tested for, indicating that the isolate is resistant towards the antimicrobial properties of the SML bacteria and may pose a problem at elevated temperatures.
Laboratory studies had previously revealed that coral bleaching occurs when water temperature is increased roughly 1°C above normal optimum temperatures of 26 to 27°C during the warmest part of the year . However, this was not the case for corals at Talang-talang reef and our results indicate that these corals -and by extension, the bacterial community in the surrounding environmentmay have a higher temperature threshold. It is possible that a more obvious demonstration of the antimicrobial properties of coral mucus isolates can be observed at lower and higher temperatures (i.e. ~26 and 34°C).
Conclusion
The bacterial communities at Talang-talang reef were different according to environmental conditions (coral SML, water column and reef sediment). The coral SML community is the most diverse with isolates playing potential roles in coral defence, while the community from reef sediment is dominated by potentially pathogenic Vibrio. This indicates the defensive qualities of coral mucus, and how a potential composition shift can occur from beneficial bacteria to Vibrio which are known to be opportunistic under conditions of increased temperature. Two known coral pathogens, Vibrio coralliilyticus and Vibrio shiloi, were successfully cultured from the coral reef environment. While the corals were healthy at the time of isolation, these opportunistic pathogens may pose a problem at elevated temperatures.
The coral SML community also displayed strong potential in the production of PKS and NRPS compounds, particularly mucus-attached isolates which have the potential to produce hybrid compounds. The inhibitory results support the efficiency of PCR screening using specific PKS and NRPS primers, whereby PKS and/or NRPS strains exhibit substantial inhibition activity such as BCM 22-1 and 26-1 which have PKS and NRPS genes and both displayed the largest inhibition at temperatures of 30 and 32°C respectively. Strains that contained PKS and/or NRPS genes exhibit substantial inhibition activity in the well diffusion assay. Bioactive compounds from mucus-associated isolates that display effective inhibition without having PKS or NRPS genes (BCM 32 and 50) are recommended for further study as they may play bigger roles in coral defence. Antimicrobial activities of mucus-associated bacteria decrease as temperature increases while mucusattached bacteria are most effective at 30°C.
Further in-depth characterization of these communities through a combination of physical, chemical and molecular biological studies is needed to improve our understanding of the role of bacteria in coral defence.
